This paper investigates the six degrees of freedom (6-DOF) flight dynamics and stability of the hawkmoth Manduca sexta using a multibody dynamics approach that encompasses the effects of the time varying inertia tensor of all the body segments including two wings. The quasi-steady translational and unsteady rotational aerodynamics of the flapping wings are modeled with the blade element theory with aerodynamic coefficients derived from relevant experimental studies. The aerodynamics is given instantaneously at each integration time step without wingbeat-cycle-averaging. With the multibody dynamic model and the aerodynamic model for the hawkmoth, a direct time integration of the fully coupled 6-DOF nonlinear multibody dynamics equations of motion is performed. First, the passive damping magnitude of each single DOF is quantitatively examined with the measure of the time taken to half the initial velocity (t half ). The results show that the sideslip translation is less damped approximately three times than the other two translational DOFs, and the pitch rotation is less damped approximately five times than the other two rotational DOFs; each DOF has the value of (unit in wingbeat strokes): t half,forward/backward = 7.10, t half,sideslip = 17.95, t half,ascending = 7.13, t half,descending = 5.77, t half,roll = 0.68, t half,pitch = 2.39, and t half,yaw = 0.25. Second, the natural modes of motion, with the hovering flight as a reference equilibrium condition, are examined by analyzing fully coupled 6-DOF dynamic responses induced by multiple sets of force and moment disturbance combinations. The given disturbance combinations are set to excite the dynamic modes identified in relevant eigenmode analysis studies. The 6-DOF dynamic responses obtained from this study are compared with eigenmode analysis results in the relevant studies. The longitudinal modes of motion showed dynamic modal characteristics similar to the eigenmode analysis results from the relevant literature. However, the lateral modes of motion revealed more complex behavior, which is mainly due to the coupling effect in the lateral flight states and also between the lateral and longitudinal planes of motion. The main sources of the flight instability of the hovering hawkmoth are examined as either the longitudinal instability grown from the coupled forward/backward velocity and the pitch rate, or the lateral instability grown from the coupled sideslip velocity and the roll rate.
Introduction
Flying insects possess unsurpassable manoeuvrability and stability over any micro air vehicles (MAVs) developed by humankind. This superiority in their flight performance has stimulated many researchers to investigate the underlying mechanics of their flight, ultimately to utilize the knowledge for our own platforms to perform in the same way. Based on a sound understanding of the unsteady low-Reynolds number flapping wing aerodynamics (for a review, see Sane 2003 and Shyy et al 2010) , among the fundamental flight mechanics, the dynamic flight stability is the most vital factor that can enhance our insight of insect flight. A clear understanding of the dynamic flight stability can provide us with information on the natural tendencies of the flight motion under external disturbances, i.e., which dynamic degrees of freedom (DOFs) are stable and how stable they are? These open-loop dynamic stability characteristics of an insect are equivalent to the quantified system's plant characteristics, hence it can be directly used for the control law identification. For example, by understanding an instability growth timescale of a particular unstable flight mode, we can reversely estimate the required performance of the insect's flight control system. Therefore, the understandings on the insect flight dynamics and stability enable us to design MAVs with a biologically inspired control strategy that ensures well managed trade-off between the manoeuvrability and stability.
The dynamic stability of a system can be examined by the well-established eigenmode analysis technique, and it has been widely used for conventional aircraft. However, the dynamics of insect flight is normally characterized as a nonlinear time periodic (NLTP) system due to its rapid wingbeat motions and its consequent periodic aerodynamic and inertial forces; hence the eigenmode analysis technique cannot be directly used because it is only applicable to a linear time invariant (LTI) system. Therefore, several assumptions for the simplification of the NLTP system to an LTI system have been used in the insect flight dynamic stability analysis: (1) neglecting time varying inertia of the wings, (2) wingbeatcycle-averaging of the aerodynamics, and (3) linearization of the dynamic equations of motion about a reference condition, i.e., the hovering flight condition. Under these assumptions, the eigenmode analysis technique with simplified insect dynamic models has been employed in various studies to examine the dynamic flight stability of several insect species. From an early investigation on the longitudinal flight stability of the desert locust (Taylor and Thomas 2003) , the natural modes of motion of the hover fly, crane fly, drone fly, fruit fly, stalk-eyed fly, bumblebee, and hawkmoth have been identified (longitudinal: Sun et al 2007 , Gao et al 2009 , Faruque and Humbert 2010a lateral: Zhang and Sun 2010a, Zhang et al 2012; 6-DOF: Cheng and Deng 2011) .
On the other hand, a more direct approach, which regards the insect flight dynamics as a periodic system, has also been taken for the insect flight dynamic stability analysis. An NLTP model of the desert locust was constructed with experiment-based instantaneous aerodynamics represented by a eight order Fourier series, and its dynamic stability was examined (Taylor and Zbikowski 2005) . That study suggested that the proper definition of stability in flapping flight is that of the asymptotic orbital stability. Gao et al (2010) conducted a perturbation analysis to investigate the dynamic stability of the fruit fly by numerically solving 6-DOF single rigid body nonlinear equations of motion with computational fluid dynamics (CFD)-based aerodynamics represented by a tenth order Fourier series. Sun and colleagues conducted a directly coupled analysis between CFD and rigid body equations of motion and found a periodic solution of the hovering flight (Wu et al 2009) . In addition, the validity of the wingbeatcycle-averaged model was examined by comparing the results with CFD coupled dynamic simulations (longitudinal, Zhang and Sun 2010b; lateral, Zhang et al 2012) . Later, Wu and Sun (2012) reported that insects with relatively large body oscillation, such as the hawkmoth, require a cyclic-motion stability analysis rather than a fixed-point equilibrium stability analysis. These studies suggest that the simplifications made during the modeling process can possibly omit important natural dynamic characteristics of insect flight Girard 2011a, 2011b) , particularly for insects with a relatively low wingbeat frequency and large wing to body mass ratio, e.g., the hawkmoth.
The main objective of this study is to investigate the dynamic stability characteristics of the hawkmoth flight without the need of any assumptions for simplification to an LTI system. To this end, we first quantitatively compared the passive aerodynamic damping in each isolated single DOF of the hawkmoth flight dynamics. The hawkmoth model was perturbed with an initial velocity (translational or rotational) along a free DOF whereas the other five DOFs were constrained, and the consequent damped dynamics was compared among all the DOFs with the measure of the half-life (t half ) of the initial velocity. This quantitative information can serve as a clue for anticipating dynamic stability of free flight situation where multiple DOFs are coupled. Then we examined the fully coupled 6-DOF dynamic responses of the hovering hawkmoth to the external disturbances. The disturbances were given as multiple sets of combined force and moment initial conditions and were set to excite the dynamic modes identified in relevant eigenmode analysis studies. Then we compared the perturbed 6-DOF dynamic responses from our study with the eigenmode analysis results.
This study takes a multibody dynamics approach (Lee et al 2011 to consider the time varying inertia tensor of all the body components: head, thorax, abdomen, and two wings with three angular DOFs for the wing kinematics. As Orlowski and Girard (2011a) reported, the time varying inertia of the wings has a significant effect on the overall flight dynamics because ignoring the wing inertia may lead to a different flight trajectory under the same initial conditions and the wing kinematics. Particularly, this wing inertia effect can be more noticeable in a situation where the wing kinematics is not symmetric and varies with respect to control inputs.
In terms of the aerodynamic model, we used instantaneous translational (Usherwood and Ellington 2002) and rotational (Sane and Dickinson 2002) aerodynamic models for the flapping wings based on the blade element theory without the wingbeat-cycle-averaging. Also, the effect of the arbitrary 6-DOF movement of the hawkmoth body on the inflow velocity and effective angle of attack of the wings was considered. Taha et al (2012) noted in their review paper that the averaging of the dynamic forcing from the flapping wings may omit important aspects, such as the possible energy transfer from the highfrequency modes to the low-frequency modes of the body motions. Further, Orlowski and Girard (2011b) showed that the wingbeat-cycle-averaging of the flapping wing aerodynamics resulted in a flight trajectory different from the numerical solution of the full equations. For the numerical flight simulations in this study, we performed a direct time integration of the fully coupled 6-DOF nonlinear multibody dynamics equations of motion. Thus, there is no need for the linearization of the dynamic equations of motion about a reference condition, so the dynamic analysis is not confined within a small perturbation boundary. In addition, there is no elimination of the coupled dynamics between the longitudinal and lateral planes of motion, which occurs during the linearization process; hence, the analysis is not confined to a single plane of motion. Fully coupled 6-DOF dynamic responses of the hawkmoth model to various external disturbances are simulated.
Insect modeling and simulation methodology

Insect model
The model insect for this study is the hawkmoth Manduca sexta. This insect is in the order of Lepidoptera, which moths and butterflies belong to. It has two sets of wings and each set consists of fore-and hind-wings. Normally, both wings flap in a synchronized manner connected by a hook structure called retinaculum and frenulum, and the flight is primarily governed by the motion of the fore-wings only (Jantzen and Eisner 2008) . For the dynamic analysis in this study, the fore-and hind-wings are assumed to be joined together at their interface. All three body components (head, thorax, and abdomen) and two wings are independently modeled for a multibody dynamic modeling of the hawkmoth: the head, thorax, and abdomen are held together with fixed joints; the wings are attached to the thorax with a 3-DOF revolute joint for the wing kinematics inputs. Biologically, however, all the body components are connected each other with compliant structures that allows small passive translational and rotational movements due to the inertia of the components. In the case of active controlled flight, the effect of these relative movement of the body components, particularly the abdomen which has a mass fraction of about 50% (O'Hara and Palazotto 2012), has a prominent effect on the overall flight dynamics as reported by Dyhr et al (2013) in their recent experimental study. However, for the open-loop dynamics and stability analysis in this study, we assumed that the passive deflection of the abdomen is small and its consequent effect to the overall dynamics is negligible compared to the wing aerodynamics, hence we used a fixed joint as the boundary condition between the body components.
Other body components, such as six legs and two antennae, are not independently modeled because their mass fraction is almost negligible. However, the mass of the head includes the mass of two antennae, and the mass of the thorax includes the mass of six legs.
2.1.1. Morphological parameters. Ellington (1984) , O'Hara and Palazotto (2012) , and Hedrick and Daniel (2006) are the main sources of the morphological parameters we used for the hawkmoth multibody model in this study. As noted, fore-and hind-wings were modeled as a single wing structure. Refer to table 1 and figure 1(a) for the detailed wing morphology, where m w denotes the wing mass; R denotes the wing length; c denotes the mean chord; S denotes the wing area; t denotes the wing thickness; r 2 denotes the radius of second moment of area of the wing. The total mass of the two wings forms 6% of the whole body. Refer to tables 2, 3, and figure 1(b) for the body's morphological data. In table 2, m b denotes the body mass; L denotes the body length (the anterior tip to the posterior tip); l denotes the length between the anterior tip to the center of mass; l 1 denotes the length between the wing-base pivot and the center of mass. In table 3, r x denotes the major axis of the ellipsoid; r y denotes the minor axis of the ellipsoid; l h, t, a denote the length between the anterior tip to the head, thorax, and abdomen, respectively; m h, t, a denote the mass of the head, thorax, and abdomen, respectively; ρ h, t, a denote the density of the head, thorax, and abdomen, respectively.
The geometry of the head, thorax, and abdomen were simplified to an ellipsoid of revolution (see figure 1) . The mass distribution of the body components was adjusted to locate the center of mass to the measured position (Ellington 1984) by varying the density of each body component. The density of the constituting materials of the insect's body is normally 1200 kg m −3 for solid cuticle, and 1000 kg m −3 for soft tissue (Ellington 1984) . Considering cavities inside the body and other internal organs, the density in table 3 used to model the multibody hawkmoth model seem to be reasonable. The mass fraction of each body component is also compared with O' Hara and Palazotto (2012) and these values showed good agreement with the averaged measurement data from a total 30 real hawkmoths. Figure 1 . A schematic for the wing and body morphology and the coordinate systems. figure 1 . The origin of the wing-fixed frame is located at the wing-base pivot, and the y w -axis points to the wing spanwise direction. This frame is used to define the wing kinematics with respect to the stroke-plane frame, and all the aerodynamic forces are described with respect to this frame. In addition, each aerodynamic strip for the blade element theory application has its own strip coordinate system aligned along the same direction to the wing-fixed frame.
The stroke-plane frame is mainly used for the inclusion of 6-DOF body flight states to the aerodynamic model formulation as explained in section 2.2.2. The flight state vector of the center of mass described by the body-fixed frame (denoted by subscript b, e.g. u b , q b ) is transformed to corresponding values at the stroke-plane frame, and these transformed flight states (denoted by subscript sp, e.g. u sp , q sp ) are used to compute instantaneous aerodynamic forces induced by the body movements. Note that the x sp -axis makes an angle of β with respect to the X G -Y G plane, which is called the stroke-plane angle.
The body-fixed frame is attached to the center of the mass. The angle χ is called the body angle and it is defined as the angle between the X G -Y G plane and the body long axis when the hawkmoth is in hovering. The x b -axis points forward making an angle of χ with respect to the body long axis, and it makes the x b -axis be parallel with the X G -Y G plane when in the hovering flight state. The y b -axis points to the direction of the right wing tip when it is fully stretched out. This frame describes the 6-DOF body flight states of the hawkmoth model.
The inertial frame is used to observe the global location, attitude and corresponding velocities of the hawkmoth model.
The orientation of the body-fixed frame with respect to the inertial frame is parameterized by the Euler angles: (yaw), (pitch), and (roll) in that order.
2.1.3. Wing kinematics. The wing kinematics for the insects is defined with three rotational degrees of freedom at the wing-base pivot: (1) φ(t), stroke positional angle, (2) α(t), feathering angle, and (3) θ (t), deviation angle (following the convention of Sane and Dickinson 2001) . The stroke positional angle governs the back and forth motion of the wing; the feathering angle governs the geometric angle of attack of the wing surface; the deviation angle governs the up and down motion of the wing with respect to the stroke-plane. Generally, the flapping frequency of the hovering hawkmoth is known to be approximately 26 Hz, and this frequency remains almost unchanged inside the normal flight regime (Willmott and Ellington 1997) . In this study, however, a flapping frequency of 26 Hz could not provide enough aerodynamic forces to lift up its own weight under the given aerodynamic model and the associated wing kinematics. This is considered to be mainly due to the neglected aerodynamic components such as the wake capture effect which can change aerodynamic forces on the wings (see section 2.2.1). Therefore, we used a slightly higher flapping frequency (29.46 Hz) for all the simulations in this study. This flapping frequency was selected on the basis of preliminary simulations we ran to search for the flapping frequency that could generate a lift force equal to the weight of the insect.
Basically, this difference in the flapping frequency affects the aerodynamic damping in all the DOFs of the hawkmoth flight, because the magnitude of the aerodynamic damping due to the flapping motion and the body dynamics is linearly dependent on (1) the body translational/angular velocities, (2) wingbeat stroke amplitude, and (3) its frequency (Hedrick et al 2009, Cheng and . Therefore, the increased flapping frequency used for this study will reduce the time taken to half the initial velocity (t half ) than a real situation where the flapping frequency is about 26 Hz. However, considering the linear dependency between the frequency and the damping magnitude, we think that the difference in the flapping frequency of around 10% will not significantly change the qualitative trend of the stability characteristics of the hawkmoth flight.
As noted in the introduction, two different dynamic analyses were conducted for the hawkmoth model: (1) the passive damping analysis on each single DOF, and (2) the natural modes of motion analysis on fully coupled 6-DOF dynamic responses induced by external disturbances. The wing kinematics used for each analysis were different. A simplified sinusoidal wing kinematics was used for the passive damping analysis, and measured wing kinematics from hovering hawkmoth (Willmott and Ellington 1997 ) with a small adjustment was used for the natural modes of motion analysis (see figure 2) .
The simplified sinusoidal wing kinematics for the passive damping analysis is defined as:
(1)
where f = 29.46 Hz, φ amp = 55.4
• . Here, the C α is the tuning coefficient for the shape of the feathering angle α(t); as C α goes to infinity, the function becomes a square wave function, and as C α goes to zero, the function becomes a sine wave (Berman and Wang 2007) . By this relationship, the C α in (2) changes the stroke reversal time of the feathering angle. To define this stroke reversal time, we referred to the original data of the outer (0.6 R to 0.9 R) feathering angle distribution along the span-wise location from figure 9 of Willmott and Ellington (1997) , and we found that the C α of 4.5 that gives a stroke reversal time of 0.15 wingbeat stroke period is an appropriate choice for simplifying highharmonic feathering angle observed in their study. The measured wing kinematics (Willmott and Ellington 1997) for the natural modes of motion analysis is represented by a third order Fourier series as:
where f = 29.46 Hz for all the kinematic variables, and the Fourier coefficients are tabulated in table 4 (coefficients obtained from Ellington (2011)). In Willmott and Ellington (1997) , the feathering angle, α(t), was measured from seven points along the span-wise direction (0.3 R to 0.9 R, increment of 0.1 R). They divided the span-wise location of the wing into inner (0.3 R to 0.5 R) and outer (0.6 R to 0.8 R) portions, and this study took the averaged value of the outer portion of the wing.
Aerodynamic model
The aerodynamic model used in this study is based on the blade element theory (such as in Truong et al (2011) ). The interaction between the wing and body, or the wing and wake was not considered, also the span-wise flow generated from the wingbeat motion and the body dynamics induced spanwise flow components were ignored. proposed two parameters which are the chord-wise tip velocity ratio and the span-wise tip velocity ratio to consider the spanwise flow on the flapping wing. However, they concluded that it needs further research due to the lack of an accurate estimation of relationship between the aerodynamic coefficients versus the defined parameters. At the moment, only the CFD and experimental studies can capture the effect of the whole threedimensional flow field including the span-wise flow and the wake interactions. Several CFD works of Sun and colleagues reported that the sideslip velocity can change the formation of the leading edge vortex (LEV) by changing the span-wise axial flow, meaning a tip to root span-wise flow reduces the LEV intensity and the endurance time thus reduces aerodynamic coefficient on the corresponding wing Sun 2010a, Zhang et al 2012) . Even though the blade element approach with quasi-steady aerodynamic coefficients cannot model the unsteady wake capture effect, the experimental studies with scale-up robotic wing models showed a reasonable accuracy in the prediction of the aerodynamic forces (Dickinson et al 1999 , Sane and Dickinson 2001 , Usherwood and Ellington 2002 ) Therefore, we assume that the use of the quasi-steady aerodynamic model is reasonable for the purpose of this study. Each wing is divided into five aerodynamic strips for the blade element approach (see figure 1(a)); the area and mean chord of each strip were accurately calculated based on the morphological data from section 2.1.1.
2.2.1. A quasi-steady blade element approach with an unsteady effect consideration. Sane and Dickinson (2002) reported that the aerodynamics around flapping wings can be categorized into four distinct components as in (5). The instantaneous aerodynamic force on each aerodynamic strip is the sum of: (1) the force due to the inertia of the added-mass of the fluid around the wing, (2) the force due to the translational movement of the wing (mainly fromφ(t ),θ (t )), (3) the force due to the rotational movement of the wing (mainly fromα(t )), and (4) the force due to the wake capture effect:
In this study, aerodynamic forces generated from translational and rotational movement of the wing are modeled. The wake capture effect is neglected because the inherent unsteadiness of the phenomenon makes it hard to be modeled with a quasi-steady approach. Although the wake capture effect is excluded for the aerodynamic model used in this study, as Sane and Dickinson (2002) reported, a quasi-steady model based on both translation and rotation captures the time history of the aerodynamic force generation with a reasonable accuracy except for the impulsive aerodynamic peaks due to the wake capture effect. During a wingbeat stroke, which consists of up-and down-stroke, the aerodynamic peak from the wake capture effect is generated at the start of each halfstroke (Dickinson et al 1999, Sane and Dickinson 2002) . Therefore, in terms of the flight dynamics of the insect body itself, a pitching moment due to the aerodynamic peak from the start of the up-stroke roughly cancels out that of the downstroke. Thus, we assume that the aerodynamic peaks from the wake capture have little impact to the overall pitching dynamics of the center of mass of the insect. However, the missing wake capture peak can reduce the wingbeatcycle-averaged lift and this reduction is compensated with slightly increased flapping frequency (see section 2.1.3). The instantaneous translational and rotational forces from each aerodynamic strip are calculated by
where the subscript i denotes the designated number of each aerodynamic strip (see figure 1(a) ), dS i denotes the area of each aerodynamic strip,c i denotes the mean chord of each aerodynamic strip. The detailed definition of V i and α i is provided in section 2.2.2. Note that all the inflow velocity is defined with respect to the stroke-plane frame. As noted, each wing was divided into five aerodynamic strips (see figure 1(a) ). These forces on each aerodynamic strip were integrated along the entire wing in order to obtain the instantaneous aerodynamics produced by flapping wings.
The aerodynamic coefficients (C L , C D , and C rot ) in (6)- (8) are defined as follows. The lift and drag coefficients with respect to the varying angle of attack of the hawkmoth wing for the quasi-steady translational aerodynamic components were extracted from an experimental work by Usherwood and Ellington (2002) . They conducted a vertical/horizontal force measurement experiment with a scaled hawkmoth wing rotating with an angular velocity corresponding to Re = 8071. We curve-fitted the experimental data to obtain the lift and drag coefficients shown in (9). The unsteady rotational aerodynamic component generated from a rapid feathering motion of wing at each stroke reversal was modeled from an experimental study of Sane and Dickinson (2002) and it is shown in (10). Because the experiment is conducted with a fruitfly wing (Re = 115), some discrepancies due to the Reynolds number effect may arise in the estimation of the rotational force component:
Here, the coefficient for the rotational aerodynamic component (C rot,exp ) is in tabular form, which is a function of the nondimensional angular velocity of the strip (ω i =α ici /V i ), and the nondimensional axis of rotation of the strip (x 0,i = x/c i , where x is the length from the leading edge to the feathering axis, y w ). The detailed values of the coefficients can be found in figure 2 of Sane and Dickinson (2002) .
Inclusion of 6-DOF body flight states.
The incident airflow to the wing aerodynamic strips has two main sources: one is the relative velocity due to the flapping motion itself, and the other is the induced velocity from 6-DOF body velocity state variables:
, and r b (yaw), which are described by the body-fixed frame. The translational and rotational motions of the hawkmoth body itself add global motions to the wings, which originally have their own local flapping motion relative to the body. These added global velocity components to the flapping wings alter the magnitude and direction of the incident airflow to the wings. Therefore, to properly simulate the flight dynamics under external disturbances, the time varying 6-DOF body flight states need to be associated with the aerodynamic model.
The resultant incident airflow speed on each aerodynamic strip (V i ) is defined in
Here, the incident airflow components are described by the stroke-plane frame, and these are categorized into two: (1) horizontal inflow components with respect to the strokeplane, and (2) vertical inflow components with respect to the stroke-plane (x sp -y sp plane).
The horizontal inflow components are defined as:
and the vertical inflow components are defined as:
where y w,i denotes the location of each aerodynamic strip along the direction of the y w -axis of the wing-fixed frame. Consequently, the effective angle of attack of each aerodynamic strip (α i ) can be defined from a perpendicular set of the incident airflow components, vertical and horizontal to the stroke-plane frame:
where α(t) is the geometric angle of attack governed by the given wing feathering kinematics (see section 2.1.3).
Multibody dynamics simulation environment
A multibody dynamics simulation environment for the hawkmoth model and the corresponding flapping wing aerodynamic model were established based on a multibody dynamics code (MSC.Adams, MSC Software Corp.). It performs a direct time integration of fully coupled 6-DOF equations of motion of multibody dynamic systems. This multibody dynamics simulation environment has been developed through the author's previous studies on the flapping-wing flight dynamics (Pfeiffer et al 2010 , Lee et al 2011 , Kim and Han 2013a , 2013b . This simulation environment first generates a set of nonlinear differential-algebraic equations (known as a DAE system), which are based on a defined multibody configuration; for this study, there are five rigid bodies and four kinematic constraints (the two connecting the body components are fixed joints, and the other two connecting the thorax and two wings are 3-DOF revolute joints). A generic form of this DAE system is:
where M is the mass matrix of the system, q is the set of coordinates used to represent displacements, η is the set of the configuration and applied motion constraints (kinematic constraint equations), λ is the Lagrange multipliers for handling multiple constraints, F is the set of applied forces and gyroscopic terms of the inertia forces, A T is the matrix that projects the applied forces in the direction q, η q is the gradient of the constraints at any given state and can be thought of as normal to the constraint surface in the configuration space.
The solution process for the governing DAEs follows a numerical approach based on a DAE integrator developed by Gear (1971) . The solution process of this integrator consists of two phases: a prediction (explicit process, based on Taylor's series) followed by a correction (implicit process using the Newton-Raphson algorithm, based on a difference relationship: y n+1 = y n + hẏ n+1 , where y n is the solution at t = t n , h is the integration step size, y n+1 is the solution at t = t n+1 ). During the correction phase, the tolerance for the corrector defines the level of acceptable error. The corrector rejects the solution if the estimated error is greater than the specified integration tolerance, or accepts the solution if the estimated error is less than the specified integration tolerance. All the states defined in the equations of motion including displacements, velocities, and applied forces are monitored by this error criteria. This backward-difference formula based stiff integrator is used with several modifications, such as index reduction of DAE. For this study, the GSTIFF (based on the Gear's stiff integrator, Gear 1971) integrator with an index-2 formulation was used to solve the governing DAEs of the hawkmoth model.
The aerodynamics on the flapping wings in section 2.2 was independently coded with FORTRAN and appended as a subroutine to the GSTIFF integrator. At each integration time step, the GSTIFF integrator provides the aerodynamic subroutine with instantaneous 6-DOF flight state vectors and the wing kinematics variables. Then the aerodynamic subroutine computes corresponding aerodynamic forces and returns them to compute the dynamic solution for the next integration time step. For the efficiency and accuracy of the dynamic solution, convergence tests are conducted with respect to the two control parameters (the corrector tolerance, and the integration time step) that directly affect the convergence of the dynamic solution. From the tests, a corrector tolerance of 0.1% ensured the solution convergence, and an integration time step of 0.001 s (=1 ms) that is equivalent to 34 time steps per a wingbeat stroke was enough to simulate the oscillatory dynamics of the hawkmoth model with an acceptable computation time.
A block diagram showing the process of the hawkmoth multibody dynamic modeling and the simulation is shown in figure 3 .
Results and discussion
Two different dynamic analyses were conducted for the established multibody hawkmoth model using the described simulation environment. First, the passive damping characteristics of the hawkmoth were investigated on each 
single DOF; only a single DOF was free while the other five were constrained. Second, the natural modes of motion under external disturbances when all the 6-DOFs are fully coupled were investigated. Throughout the analysis, all the initial conditions and the flight state responses are presented in a nondimensionalized form (refer table 5).
Independent DOF's passive dynamic stability
For the passive damping analysis of each single DOF, the hawkmoth model was pushed (or rotated) with an initial translational (or angular) velocity along the free DOF whereas the other five DOFs were constrained. In the analysis, all the flight states and the initial condition, and the dynamic responses are given and described in the stroke-plane frame (see figure 1) , i.e., the hawkmoth can translate or rotate with respect to the stroke-plane frame. Here, we wanted to accentuate the pure effect of the flapping wings and its consequent stroke-plane only, eliminating the effect from the morphological angles. The body-fixed frame is defined with a morphological parameter, the body angle (χ ). Also the strokeplane angle (β) has a relationship with the body orientation. Hence the body-fixed frame is not an appropriate choice because it varies along the flight condition of the hawkmoth. Therefore, the aerodynamic damping characteristics which are described in the stroke-plane frame can serve as basis for examining the stability characteristics in different reference frames. The wing kinematics used for this single DOF analysis was the simplified sinusoidal form defined in section 2.1.3. The magnitude of the translational initial condition was varied from ± 0.1 to ± 0.3 with an interval of ± 0.1 (equivalent to ± 0.28-84 m s
); the magnitude of the rotational initial condition was varied from ± 0.05 to ± 0.15 with an interval of ± 0.05 (equivalent to ± 7.77-23.32 rad s
−1
). The magnitude of the given initial conditions was in a reasonable range which was determined on the basis of the measurement data of a real hawkmoth flight (Willmott and Ellington 1997 , Hedrick et al 2009 , Hedrick and Robinson 2010 , and Springthorpe et al 2012 , and based on relevant simulation studies (Sun et al 2007 , Zhang and Sun 2010a , and Zhang et al 2012 . Specifically, the normal forward flight speed of the hawkmoth falls inside a boundary of 5 m s . The response of each single DOF to the initial velocity conditions was quantitatively examined with a measure of the half-life (t half ) of the initial velocity. See figure 4 for the results. Note that for all the longitudinal flight state responses [u sp w sp q sp ], non-perturbed responses (when the initial conditions were zero) were subtracted from the original responses for more clear comparison. This is because of the oscillatory feature of the longitudinal flight state responses originating from periodically varying aerodynamics from the flapping wings. By subtracting the non-perturbed response from the original response, we can clearly distinguish the effect of the given initial condition and its decaying dynamics. Overall, the results showed that the y sp -directional (sideslip) translation is less damped approximately three times than the other two translational DOFs, and the x sp -directional (pitch) rotation is less damped approximately five times than the other two rotational DOFs. The results are tabulated in table 6. figure 4 shows the responses of the translational DOFs. Note that the range of the abscissa is 0-100 wingbeat strokes. The shaded region in each graph indicates the time taken to half the initial velocity. The results were: t half,u = 7.10, t half,v = 17.95, t half,w,ascending = 7.13, and t half,w,descending = 5.77. Among three translational DOFs the y sp -directional (sideslip) translation turned out to be the least damped DOF. It took about 18 wingbeat strokes to damp out half the initial velocity. The x sp -directional (forward/backward) translation and the z sp -directional (up/down) translation showed similar damping characteristics, except for the descending dynamics of the up/down translation. As Parks et al (2011) pointed out in their experimental study with translational damping of Cicada wings, the up/down translation is more complicated because wing-wake interaction is presented in this case. The aerodynamic model used in this study was based on a quasisteady blade element approach and the wake interaction was not considered; therefore, the up/down results may not coincide with the experimental results. In this study, the x sp -directional (forward/backward) translation exhibited the highest damping (t half,u = 7.10) while the y sp -directional (sideslip) translation was the least damped DOF (t half,v = 17.95), which had a trend qualitatively similar to the experimental study (Parks et al 2011) . In conclusion, for the translational movements, there was a passive damping in all the DOFs.
3.1.2. Passive damping in the rotational DOFs. The right column of figure 4 shows the responses of the rotational DOFs. Note that the range of the abscissa is 0-10 wingbeat strokes. The results showed that the rotational movements have relatively large passive damping characteristics, which are: t half,p = 0.68, t half,q = 2.39, and t half,r = 0.25. Particularly, z sp -directional (yaw) rotation was subjected to the highest damping magnitude among three rotational DOFs. Only a quarter wingbeat stroke was sufficient to damp out the initial yaw angular velocity to half. In addition, the x spdirectional (roll) rotation was under a high degree of passive damping as well. The combination of these two axes of rotation (roll and yaw) develops a rotation along the body long axis (see figure 1(b) ), and also high degree of passive damping is anticipated along this axis. However, the y sp -directional (pitch) rotation showed relatively small damping characteristics (almost five times smaller) than the other two rotational DOFs. In conclusion, for the rotational movements, there was a passive damping in all the DOFs as well. However, the y sp -directional (pitch) rotation had much smaller damping than the other two.
6-DOF free flight disturbance analysis
We found that all the independent DOFs of the hawkmoth flight dynamics are stable and possess inherent passive translational and rotational damping from the previous section 3.1. However, there was a relative instability in a quantitative sense that the sideslip translation was less damped almost three times than the other two translational DOFs, and the pitch rotation was less damped almost five times than the other two rotational DOFs. Also, in terms of the dynamic planes of motion, the pitch rotation and the sideslip translation were the least damped DOFs in the longitudinal and the lateral planes of motion, respectively. This imbalance in the damping magnitude among DOFs can play an important role when it comes to a more realistic situation where all the dynamic DOFs are unconstrained and coupled (6-DOF free flight condition). Normally, eigenmode analysis is used to investigate the natural modes of motion when dynamic degrees of freedom are coupled. Linear eigenmode analysis can provide dynamic characteristics around a certain reference point within a boundary of small perturbations, i.e., the hovering condition. However, this small perturbation approach cannot capture a full nonlinear dynamics within a long time window where the values of the disturbed body flight states exceed the linearization-applicable range.
To identify the natural modes of motion through numerical direct time integration, not through the eigenmode analysis with a simplified linear system model, the free flying hawkmoth multibody model was disturbed from the reference condition (the hovering condition found in section 3.2.1) and the resulting fully coupled 6-DOF dynamic response was examined. The magnitude and phase of the given disturbance was determined to excite the natural modes of motion identified from the previous eigenmode analyses in the relevant literature. Table 7 shows: (1) the identified natural modes of motion of the hawkmoth from eigenmode analyses in the relevant literature, (2) the corresponding coupled flight states for each dynamic mode, and (3) the corresponding disturbance combinations for the hawkmoth model for this study.
The dynamic response of the hawkmoth model to each disturbance combination was examined by the time taken for the disturbed motion to damp/amplify to half/double of its initial magnitude. The frequency of the oscillatory dynamic motion was also of interest. A comparison with the results from the previous eigenmode analyses in the relevant literature was conducted as well.
For the application of the disturbance, the nondimensionalized (see table 5) force and moment disturbance combinations (see table 7) were given at a time when the down-stroke starts during the hovering flight condition, and the disturbance continued for a wingbeat stroke (T = 1/ f ) having a smooth step function profile which approximates the Heaviside step function with a cubic polynomial defined in
where
All the disturbance sets were applied with respect to the body-fixed frame. The magnitude of the nondimensionalized disturbance force and moment (F x,y,z = 2, M x,y,z = 0.1) were determined to perturb the hawkmoth model with an initial velocity of approximately 0.25 m s −1 for the body translational DOFs, and approximately 2.5 rad s −1 for the body rotational DOFs. We assume that the magnitude of the disturbances can represent a typical wind gust that the hawkmoth experiences during the flight, considering the normal flight speed (5 m s 3.2.1. Reference hovering condition for the disturbance analysis.
The dynamic stability of an aircraft can be evaluated by the dynamic responses after it has been disturbed from a steady condition, i.e., a reference equilibrium flight condition. In the case of flying animals, the reference condition can normally be either a constant speed trimmed forward flight or a hovering flight. The interested flight mode in this study is the hovering flight of the hawkmoth, so the reference equilibrium flight condition was chosen to be a hovering flight.
The hovering flight state is defined as (17). For the hovering flight, all the time-averaged 6-DOF velocity states need to be zero. If any time-averaged velocity state has nonzero value, it physically means a drift in the translational or rotational direction, and this drift causes the insect not to maintain the hovering flight:
where the error tolerance coefficient ε k has a value of 1% of peak-to-peak amplitude of each flight state variable monitored during a time period defined in (17); T is the flapping period (T = 1/ f ). The reference hovering condition was heuristically searched for by changing a few variables of the measured Figure 5 . The wing kinematics used for the natural modes of motion analysis: the solid line indicates the measured wing kinematics from a real hovering hawkmoth (Willmott and Ellington 1997 ) and the dashed line indicates the tuned wing kinematics that satisfies the criteria for a hovering trim condition.
wing kinematics (Willmott and Ellington 1997) defined in section 2.1.3 using a third order Fourier series expansion (see table 4 ). By only changing the coefficient α 0 of φ(t) and α(t), which alters the mean value of the stroke positional angle and feathering angle, the multibody hawkmoth model could achieve a reference hovering condition satisfying the criteria in (17). The coefficient α 0 of φ(t) was changed to 0.05 964 from 0.2830 (mean value decreased by −6.40
• ), and coefficient α 0 of α(t) was changed to 3.8918 from 3.4789 (mean value increased by 11.83
• ). The resulting wing kinematics is plotted in figure 5 .
The 6-DOF flight states during the reference hovering condition with respect to the body-fixed frame and the inertial frame is depicted in figure 6 . The peak-to-peak value of each flight state is also shown in figure 6. Oscillations in forward/backward velocity (u b ) has a peak-to-peak value of 0.108 U (0.12U in Wu and Sun (2012) ), and oscillations in up/down velocity (w b ) has a peak-to-peak value of 0.0919U (0.082U in Wu and Sun (2012) ). The pitch angular velocity (q b ) has a peak-to-peak value of 0.108U/c (0.093U/c in Wu and Sun (2012) ). The oscillation of the global location on the X G -Z G plane has a magnitude within 0.04R (0.083R in Wu et al (2009) ). The oscillation of the Euler pitch angle has a peak-to-peak value of 3.761
• (5.1
• in Wu and Sun (2012)). We compared the dynamic solution at hover in this study with the CFD coupled flight dynamic simulation results of Wu et al (2009) and Wu and Sun (2012) in terms of the peak-to-peak values. This comparison may only show a qualitative similarity between two studies because of the difference in the used wing kinematics and also the fidelity of the aerodynamics used for the simulation. Refer to table 5 for the nondimensionalization. Note that the value of U is 2.578 m s −1 and c is 18.37 mm in Wu et al (2009) and Wu and Sun (2012) .
Based on this reference hovering condition, natural modes of motion of the hawkmoth multibody model were examined. Each disturbance combination in table 7 for exciting a particular mode of motion was given to the hawkmoth multibody model and the corresponding fully coupled 6-DOF dynamic response was examined.
Longitudinal natural modes of motion.
From the eigenmode analysis results in the relevant literature (see table 7), three longitudinal dynamic modes of motion were identified. In most of the literature, one unstable oscillatory mode and two stable subsidence modes constitute the dynamic modal structure in the longitudinal plane of motion.
To excite the longitudinal mode 1, an in-phase excitation of δu b and δq b was given to the hawkmoth multibody model, and the corresponding dynamic responses of 6-DOF bodyfixed flight states and global flight states are plotted in figure 7. As identified from the eigenmode analysis results in the relevant literature, the consequent response of the hawkmoth multibody model shows a diverging oscillatory dynamics in the u b (t double = 7.5) and q b (t double = 7.5) states. As noted in Sun et al (2007) , a stability derivative M u (pitching moment due to the forward/backward velocity) seems to be the main source of the instability. Qualitatively, this mode of motion is a forward/backward sway motion with an in-phase pitching motion as in a falling leaf. Not only the u b and q b dynamics, but also the w b dynamics has a diverging oscillation which affects a Z G directional fall. All the lateral flight states are unaffected from the longitudinal disturbance which means that the lateral dynamics is decoupled from the longitudinal dynamics. A frequency domain analysis using the fast Fourier Transform (FFT) shows that the oscillating u b -q b coupled dynamics has a dominant frequency component of 1.22 Hz, and the w b dynamics has a dominant frequency component of 3.05 Hz. All three longitudinal states, u b , w b , and q b have the same frequency component which is the flapping frequency, 29.46 Hz. A graphical representation of the corresponding dynamic response of the longitudinal mode 1 is shown in figure 8 , where t between each frame was 3/4 of a wingbeat stroke (≈0.026 s).
To excite the longitudinal mode 2, an out-of-phase excitation of δu b and δq b was given to the hawkmoth multibody model, and the corresponding dynamic responses of 6-DOF body-fixed flight states and global flight states are plotted in figure 9 . The eigenmode analysis in the relevant literature examined this longitudinal mode of motion as a stable fast subsidence mode. The simulation result in this study showed that this mode of motion is a forward translation with a pitch down rotation as shown in figure 10 . During approximately eight wingbeat strokes after the disturbance, this dynamic response had characteristics of the fast subsidence Lastly, the longitudinal mode 3 was excited by giving the hawkmoth multibody model a δw b disturbance alone. The corresponding dynamic responses of the 6-DOF body-fixed flight states and global flight states are plotted in figure 11 . A graphical representation of the corresponding dynamic response to the disturbance combination is shown in figure 12 . The eigenmode analysis in the relevant literature determined this longitudinal mode of motion as a stable slow subsidence mode in which the stability derivative Z w plays an important role (Sun et al 2007) . The simulation result in this study showed that this mode of motion started with a damped decay motion in the w b axis with a t half of about 2.5 wingbeat strokes. Then the motion eventually diverged in the u b -q b coupled dynamics (figures 11 and 12) as the other two longitudinal modes of motion 1 and 2 exhibit. In addition, the δw b disturbance did not affect any of lateral flight states, which indicate a decoupled dynamics. The frequency spectrum of this mode of motion was almost the same as the cases above: w b dynamics had a frequency component of 3. (see table 7 ), three lateral dynamic modes of motion were identified. Unlike the longitudinal dynamics, previous studies reported different stability characteristics of the lateral dynamic modes; eigenvalues near the imaginary axis in the s-plane were found to be the cause of the difference, which implies that the sensitivity of the location of the eigenvalues near the imaginary axis is high with respect to the aerodynamic model used or assumptions during the simplified dynamic model formulation.
To excite the lateral mode 1, an in-phase excitation of δv b and δp b was given to the hawkmoth multibody model, and To excite the lateral mode 2, an out-of-phase excitation of δv b and δp b was given to the hawkmoth multibody model, and the corresponding 6-DOF body-fixed flight states and global flight states are plotted in figure 15 . The simulation result shows that the initial δv b disturbance decayed to its half amplitude within approximately six wingbeat strokes. The initial δp b disturbance also damped out quickly at first (t half = 0.5) then decayed along with the v b dynamics, exhibiting a stable dynamics. The r b dynamics was also influenced by the A graphical representation of the longitudinal mode 3, t between frames is 3/4 of a wingbeat stroke. Thick arrows attached to the hawkmoth body represent the initial disturbance (+δw b ) given at the hovering condition.
given disturbances but it converged with a rate almost the same as p b dynamics. In terms of the coupling between the planes of motion, there was a major coupling in the u b longitudinal dynamics and little coupling in the w b dynamics.
The q b dynamics were relatively unaffected. Qualitatively, this mode of motion had a stable dynamics within a short time window of less than ten wingbeat strokes. However, as the simulation proceeded the small amplitude of the coupled u b dynamics prompted instability in the q b dynamics and eventually diverged in the longitudinal plane with the same unstable mode with the longitudinal mode 1. A frequency domain analysis showed that a major frequency component of 29.46 Hz (flapping frequency) was found from the p b and r b dynamics. However the magnitude of the oscillation was not as high as that of the lateral mode 1 case. A graphical representation of the corresponding dynamic response to the disturbance combination is shown in figure 16 .
Lastly, the lateral mode 3 was excited with an out-of-phase excitation of δp b and δr b to the hawkmoth multibody model. This initial disturbance gave the hawkmoth multibody model a rotation around the body long axis (see figure 1(b) ). The corresponding 6-DOF body-fixed flight states and global flight states are plotted in figure 17 , and a graphical representation of this mode of motion is depicted in figure 18 . This mode of motion has been commonly examined as a stable fast subsidence mode from the eigenmode analysis in the relevant literature (table 7) . In addition, the simulation result also showed a fast decaying dynamics within a half wingbeat stroke both in the p b and r b dynamics (figure 17(aii)) as longitudinal and lateral planes of motion resulting from the disturbances on the longitudinal plane. The lateral modes of motion of the hawkmoth flight dynamics showed much more complex behavior than that of examined by the eigenmode analysis technique (although the main instability due to the coupled v b -p b dynamics is well captured in this study). This was mainly due to the coupling effect between the v b and r b dynamics that were underestimated by the previous eigenmode analysis with a relatively small N v (yaw moment due to the sideslip velocity) stability derivative Deng 2011, Zhang et al 2012) . We can see that not only in the lateral mode 3 where δp b and δr b are simultaneously excited, but also in the other two lateral modes where only δv b and δp b were excited also showed strongly coupled responses in r b -p b dynamics as shown in figures 13(aii), 15(aii) and 17(aii), which indicates a strong coupling. In addition, we can infer that the δv b has a close relationship with r b dynamics because, in the lateral mode 1 and 2, the diverging (converging) v b dynamics induced the same diverging (converging) r b dynamics in an oscillatory manner (figures 13(a) and 15(a)). This coupled oscillatory dynamics also can be found in figure 10 of Zhang et al (2012) that shows simulation results (from a directly coupled CFD and flight dynamics) of the hawkmoth compared with a linearized model. Here, we can find a limitation of the linearized model with a wing-beat-cycle averaging. Even though the actual dynamics has an oscillating characteristics, the wing-beat-cycle averaging by its definition eliminates all the within-wingbeat dynamics and only shows the averaged values of it. Therefore, a possible dependency between two states is neglected and results in a relatively small or almost zero stability derivatives such as N v (yaw moment due to the sideslip velocity) or Y r (sideslip force due to the yaw rate). For example in this study, this underestimated coupling caused a divergence in v b dynamics (figure 17) when there was only an out-of-phase excitation of δp b and δr b that is known to be the most stable fast subsidence mode from the eigenmode analysis due to the large passive damping in each axis of rotation.
Unlike the longitudinal mode of motion, the lateral modes of motion exhibit a cross-coupling between planes of motion, i.e., the longitudinal and the lateral plane. This cross-coupling becomes prominent approximately after five to six wingbeat strokes (figures 13(ai), 15(ai) and 17(ai)), and affects the overall flight dynamics when viewed through the long time window. In all three lateral modes of motion, the initial lateral disturbances induced a slight perturbation in the longitudinal velocities that excited the u b -q b coupled longitudinal instability, which eventually caused an unstable dynamic response in combination with the v b -p b coupled lateral instability. This cross-coupling between planes of motion occurs in the short time window implies that the highorder coupling terms have non-negligible effect even on the near-equilibrium flight (hovering), which has been neglected during the linearization process of the 6-DOF full equations of motion (such as equations (24) and (27) in ). This particular cross-coupling might degrade the performance of the flight control designed based only on the decoupled linearized dynamics assumption, thus further consideration need to be made in the control design process.
In both the longitudinal and lateral planes of motion, we found that all the growth rate of the instabilities has a timescale of less than approximately seven wingbeat strokes to double the initial amplitude. It is known that the latency of the angular rate sensing mediated through the antennae is less than 0.5 wingbeat stroke (Sane et al 2007) and the angular orientation detection through the visual sensing has a larger latency of one to three wingbeat strokes (Sprayberry 2009 ). Therefore, the open-loop dynamic analysis in this study indicates that the hawkmoth has enough time to sense the perturbations in the attitude rate or angle, and to actuate wing motor or body parts to recover from the instability before the growth gets larger (as experimentally shown with real hawkmoth flight in ).
Among the unstable modes of motion of the hawkmoth analyzed in this study, the longitudinal instability due to the coupled u b -q b dynamics, and the lateral instability due to the coupled v b -p b dynamics were found to be the major unstable modes. This result is in line with the passive damping analysis on each isolated independent DOF in section 3.1, where the x sp -directional (pitch) rotation showed less damping approximately five times than the other two rotational DOFs, and the y sp -directional (sideslip) translation showed less damping approximately three times than the other two translational DOFs. Therefore, in terms of the gust susceptibility for a hovering hawkmoth, perturbations related to the M u (pitching moment due to the forward/backward velocity) and L v (roll moment due to the sideslip velocity) stability derivatives would more strongly excite instabilities hence requires more control efforts than the other types of perturbations.
Conclusion
This work investigated the 6-DOF flight dynamics and stability characteristics of the hawkmoth Manduca sexta. A multibody approach was used to consider the effects of the time varying inertia tensor of all the body segments including two wings. A direct time integration of the fully coupled 6-DOF nonlinear multibody dynamics equations of motion was conducted with an instantaneous aerodynamics without wingbeat-cycleaveraging. The study accomplished the following: (1) the inherent passive damping in each DOF was quantitatively examined and all the independent DOFs were found to be passively stable; (2) while possessing passive stability, the pitch rotation and the sideslip translation were found to be least damped DOFs; (3) the natural modes of motion of the hawkmoth multibody model were investigated by analyzing fully coupled 6-DOF dynamic responses to the force and moment disturbance initial conditions; and (4) the longitudinal instability due to the coupled u b -q b dynamics, and the lateral instability due to the coupled v b -p b dynamics were found to be the major unstable modes of the hawkmoth flight. Based on the present study, future works will focus more on the effect of the body and wing compliance to the flight stability. As evidenced in experimental studies with the hawkmoth (Mountcastle and Daniel 2009, Dyhr et al 2013) and in a numerical study (Kim and Han 2013a) , the effect of the flexibility in the aerodynamic surfaces and the flexible joints connecting the body components is not negligible. By understanding the principal dynamic characteristics of the hawkmoth, we can enhance our understanding in the stability of the flapping wing flight dynamics and utilize the knowledge to design MAVs with a biologically inspired control strategy.
